Elucidation of the chemical composition of biological samples is a main focus of systems biology and metabolomics. In order to comprehensively study these complex mixtures, reliable, efficient, and automatable methods are needed to identify and quantify the underlying metabolites and natural products. Because of its rich information content, nuclear magnetic resonance (NMR) spectroscopy has a unique potential for this task. Here we present a generalization of the recently introduced homonuclear TOCSY-based DemixC method to heteronuclear HSQC-TOCSY NMR spectroscopy. The approach takes advantage of the high resolution afforded along the 13 C dimension due to the narrow 13 C line widths for the identification of spin systems and compounds. The method combines information from both 1D 13 C and 1 H traces by querying them against an NMR spectral database using our COL-MAR query web server. The complementarity of 13 C and 1 H spectral information improves the robustness of compound identification. The method is demonstrated for a metabolic model mixture and is then applied to an extract from DU145 human prostate cancer cells.
Identification of individual chemical components of biological systems and monitoring of their changes in response to a multitude of factors such as genetics, age, pathology, development, environment, stress, and treatment are key aspects of metabolomics and metabonomics. The comprehensive systems biological approach to the study of metabolic mixtures thereby promises a better understanding of complex biochemical processes in living systems.
1-3 Efficient and reliable analysis of these complex mixtures in terms of the underlying metabolites is an important prerequisite for achieving this goal. Different approaches are being developed for this task. Mass spectrometry-based approaches that are coupled with chromatography (e.g., GC/MS and UPLC/MS) provide high sensitivity for targeted compound analysis. 4 Nuclear magnetic resonance (NMR) spectroscopy, on the other hand, has a unique potential as it does not a priori require potentially laborintensive and costly physical separation of the components. 5 This characteristic is utilized in a number of NMR methods for complex mixture identification, including diffusion-ordered spectroscopy (DOSY), 6 differential analysis of COSY spectra, 7 HSQC spectra, [8] [9] [10] selective 1D TOCSY 11, 12 and 2D TOCSY, 13 STOCSY, 14 and DemixC. 15 DemixC identifies individual components in a mixture based on a homonuclear 1 H-1 H TOCSY NMR spectrum, 16 which monitors spin-spin connectivity information across each molecule. The TOCSY spectrum is then covariance processed [17] [18] [19] and deconvoluted by the clustering of its rows to identify traces that belong to individual spin systems or molecules. 15 The chemical components are identified by screening these subspectra against a NMR spectral database, such as the BMRB 20 and the HMDB. 21 This protocol has been recently implemented in our suite of public web servers at http://spinportal.magnet.fsu.edu/, termed COL-MAR (for complex mixture analysis by NMR), which includes a separate covariance NMR server, a DemixC server, and a database query server. DemixC has been demonstrated recently for the chemical elucidation of an insect venom. 22 The algorithms underlying COLMAR query for consensus matching have been described and demonstrated. 23 For a biological mixture that contains metabolites whose 1 H NMR spectra do strongly overlap, the difference of the COLMAR query score between the top database hits can be small and may require independent cross-validation of the query results.
For this purpose, an approach is introduced here that uses heteronuclear 1 H-13 C HSQC-TOCSY NMR spectroscopy at natural abundance. While less sensitive than the homonuclear TOCSY, the 1 H-13 C HSQC-TOCSY possesses narrow 13 C line widths, which makes peak overlaps unlikely. This allows application of DemixC to cross sections along both the 1 H and the 13 C dimensions to cross-validate the results. This heteronuclear generalization of DemixC is first demonstrated for a metabolic test mixture and then applied to the analysis of the DU145 human prostate cancel cell line extract.
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METHODS
Sample Preparation. A metabolic model mixture was prepared by mixing carnitine, glucose, lysine, myo-inositol, and shikimate at final concentrations of 1.0 mM in D 2 O.
An extract from human prostate cancer cell line DU145 (obtained from the American type Culture Collection (ATCC), www.atcc.org) was obtained as follows. The cells were cultured at 37°C in 5% CO 2 incubator in DMEM medium supplemented with 10% fetal bovine serum and penicillin/streptomycin. About 7 × 10 7 cells were lysed by sequentially adding 3 mL each of methanol, chloroform, and water. 8 The sample was vortexed vigorously after the addition of each solvent, and the final mixture was stored at -20°C overnight for phase separation. The aqueous phase, which is completely separated from the organic phase by centrifugation at 10000 g for 40 min, is lyophilized and dissolved in D 2 O for NMR experiments.
NMR Data Collection and Analysis. 2D heteronuclear 1 H-13 C HSQC-TOCSY NMR data were collected at 800 MHz using a cryogenic probe and 5-mm NMR tubes. The sample temperature was maintained at 298 K. MLEV-17 mixing sequence with 300-ms mixing time was used. The spectral widths were 8012.8 ( 1 H), 32206.1 Hz ( 13 C) for the test mixtures and 10000.0 ( 1 H), 32206.1 Hz ( 13 C) for the DU145 sample. Data were collected using 2048 t 2 and 1024 t 1 (complex) data points with 16-48 scans per t 1 increment. The NMR data were Fourier transformed and phase and baseline corrected by NMRPipe. 25 The HSQC-TOCSY spectrum of the model mixture was collected in 22 h and the one of the DU145 cell line extract in 70 h.
For the heteronuclear HSQC-TOCSY 2D Fourier transform NMR spectrum (F), the direct 1 H covariance NMR spectrum C H 2 and indirect 13 C covariance NMR spectrum C C 2 can be obtained by the following matrix operations
These spectra were used to compute the importance index of each row. (Note that, in contrast to standard applications of direct and indirect covariance NMR, no matrix square root operation is applied.) 26 The 1 H importance index belonging to a given row of C H 2 , which is defined as the sum of all elements of the corresponding row of C H 2 , is a measure of the cumulative overlap of this trace with all other traces of C H 2 . 15 The 1 H importance index profile, which resembles a 1D 1 H spectrum with altered peak amplitudes, is then peak picked and traces of F are selected at the picked , the traces are clustered using their inner products as the similarity metric. For each cluster, the trace with the lowest importance index is picked as the cluster representative, because of its low probability to be contaminated by other traces. All normalized traces whose inner products with the cluster representative are 0.4 or larger are assigned to this cluster. In this way, the likelihood is optimized that each selected 13 C trace corresponds to the 1D 13 C spectrum of an individual component (or spin system) free of spurious contributions from other spin systems.
The same procedure is then applied to C C 2 with the roles of 1 H and 13 C resonances interchanged. This yields a set of unique 1D 1 H NMR traces corresponding to individual components (or spin systems).
The most straightforward treatment of the 13 C and 1 H traces, which is pursued here, consists of separately submitting the traces for screening against a database of NMR spectra. The return of the same metabolite as a top match for both a 13 C and 1 H trace indicates a high probability for the metabolite to be present in the mixture.
It is noted that critical processing and analysis steps described above can be performed using the COLMAR suite of web servers (http://spinportal.magnet.fsu.edu/). This concerns direct and indirect covariance processing of the HSQC-TOCSY spectrum by the COLMAR covariance web server and querying of the traces against a NMR spectral database using COLMAR query.
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RESULTS
Analysis of Model Mixture. The heteronuclear DemixC method was first tested on the model mixture containing the five common metabolites carnitine, glucose, lysine, myo-inositol, and shikimate. The 1 H-13 C HSQC-TOCSY NMR spectrum of this mixture is shown in Figure 1 .
From the HSQC-TOCSY spectrum, the importance index for the traces of C H 2 and C C 2 are computed and plotted in Figure  2A ,B. The HSQC-TOCSY traces belonging to the peaks picked in the importance index profile are then subjected to the clustering analysis described in Methods. 15 For each cluster, the trace with the lowest importance index above a predefined threshold of 4% of the maximal 1 H peak and 2.5% of the largest 13 C peak is selected. As an example, Figure 2C shows the lysine 13 C trace of the HSQC-TOCSY spectrum associated with a peak in the 1 H importance index determined from C H 2 in Figure 2A at 1.88 ppm (vertical arrow), whereas the 1 H lysine trace ( Figure 2D ) belongs to the 13 C importance index peak at 24.04 ppm (vertical arrow) of Figure 2B . Peaks seen in the 1D traces are also found in the importance index profile of the same spin species as indicated by diagonal arrows.
The selected 1 H and 13 C traces are plotted in Figure 3 . Pairs of 1 H and 13 C traces are assigned to each other if they belong to the same compound according to COLMAR query. Examples of COLMAR query outputs are shown in the Supporting Information for selected 13 C and 1 H traces. The top five spectra in Figure 3 are the 1D 13 C (panel A) and 1 H (panel B) reference spectra of the mixture components taken from the BMRB database. 20 The six traces at the bottom are sorted and numbered according to their importance index and labeled with the first character of the compound name. The slowly interconverting R-and -forms of glucose are represented by separate traces (bottom traces 3 and 5), respectively, whereas the BMRB reference spectrum represents their superposition. 22 The agreement between peak positions of the HSQC-TOCSY traces and the corresponding reference spectra of the pure components is very good, which clearly demonstrates the suitability of this method. Differences in the peak amplitudes are observed, which are caused by incomplete magnetization transfer among spins during TOCSY mixing at a single mixing time (300 ms), but they do not affect spin system identification. Submission of the traces to the COLMAR query server returns for each of the 1 H and 13 C DemixC traces the correct compound as the top hit (Figure 3) . DU145 Human Prostate Cancer Cell Line Analysis. The 1 H-13 C HSQC-TOCSY NMR spectrum of the mixture of DU145 human prostate cancer cell line is shown in Figure 4 . The importance indexes for C H 2 and C C 2 are computed and plotted in Figure 5A and Figure 5B . The complete sets of picked 13 C and 1 H traces are plotted in Figure 5C and D, respectively. The individual 1 H traces are searched against the BMRB database using the COLMAR query web portal at http://spinportal.magnet. fsu.edu/webquery/webquery.html with the identified compound names labeled in Figure 5 . The following components are identified both based on their 1 H and 13 C spectra: reduced glutathione, taurine, glutamate, lactate, and myo-inositol. Although two compounds labeled as compound1 and compound2 are not contained in the BMRB database, their 13 C and 1 H traces can be unambiguously assigned to each other. Carnitine only shows the N-(CH 3 ) 3 subspin system, which involves three equivalent carbons and nine protons. The other carnitine spin system is not detected, presumably because it is too weak. Note that reduced glutathione appears in several traces because it contains multiple spin systems, which do not interchange significant amounts of magnetization Figure  5A ) are broader and have multiplet splittings due to J( 1 H, 1 H)-couplings whereas those of the 13 C lines ( Figure 5B ) are narrow singlets. As a consequence, the 1 H importance index ( Figure 5A ) exhibits more overlap and therefore allows fewer unique traces to be extracted along the 13 C dimension in the HSQC-TOCSY spectrum. Closer inspection of the HSQC-TOCSY spectrum confirms the presence of 13 C signals of glycerol and glycine.
DISCUSSION
The results demonstrate the effectiveness of the heteronuclear DemixC method to analyze the composition of a complex metabolic mixture of practical importance, in this case, a DU145 human prostate cancer cell extract. The method allows the easy extraction of unique 1D 13 C and 1 H cross sections that can be directly submitted to a database query server, such as COLMAR query, for compound identification. The redundancy of the information from both queries enhances the reliability and robustness of the compound identification procedure and allows one to establish in a self-consistent way the composition of the mixture. Those compounds that score well in both queries have a high probability to be present in the mixture.
The heteronuclear HSQC-TOCSY DemixC method has two advantages over the homonuclear TOCSY DemixC approach: (1) the 13 C dimension has much narrower line widths than the 1 H dimension, which results in a larger number of unique 1 H traces, and (2) the components identified based on 1 H spectra can be cross-validated by independent identification from 13 C 1D spectra and vice versa. The main disadvantage of the heteronuclear HSQC-TOCSY DemixC method is that at natural 13 C abundance the spectrum has lower a signal-to-noise ratio than the corresponding homonuclear 1 H-1 H TOCSY, and hence, the HSQC-TOCSY requires either higher sample concentration, longer measurement time, or both. In the case of the cancer cell line extract, the signalto-noise ratios of the two experiments differ by a factor of 68.
Recently, metabolite components were directly identified from 2D 1 H-13 C HSQC spectra. [8] [9] [10] The 1 H-13 C HSQC-TOCSY experiment can be considered as an extension of the 1 H-13 C HSQC experiment to which it reduces in the limit of vanishing mixing time, τ m ) 0. For finite τ m , it produces for a 13 C resonance a cross peak to the directly attached proton as well as to other protons that belong to the same spin system. The cross peak amplitudes vary as a function of the spin-coupling network and the TOCSY mixing time. For typical mixing times, many of the stronger HSQC-TOCSY peaks have amplitudes that are of the order of 50% of the HSQC peak amplitudes. This sensitivity loss is compensated for by access to long-range spin-connectivity information displayed by the HSQC-TOCSY spectrum that is not available via the HSQC spectrum. The redundant long-range correlation information is utilized in DemixC to reconstruct 1D 1 H and 13 C spectra of individual compounds for the 1D screening against metabolite databases.
Over the past decade, cancer cell lines have served as model systems in metabolic studies of cancer 27 and NMR-based specific metabolites studies have contributed important information to the understanding of the underlying biochemical events. However, it is still challenging to apply NMR in comprehensive metabolomic studies partly because of strong peak overlaps in NMR spectra of complex mixtures. The heteronuclear DemixC method is particularly promising for the initial study of a complex metabolic sample of largely unknown composition, for instance, cancer cell extracts. The retrieved compound information serves then as a starting point for a subsequent quantitative metabolomics study of a series of related samples whose metabolite concentrations may quantitatively differ due to genetic, behavioral, and environmental factors using, for example, the more sensitive and therefore faster homonuclear 1 H-1 H TOCSY-based DemixC approach. Due to its general nature, the heteronuclear spectral deconvolution strategy introduced here is applicable in a wide range of contexts, including metabolic biomarker discovery, drug research, impurity profiling, food sciences, and environmental sample analysis.
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